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Interleukin (IL)-1

 

b

 

, IL-6, IL-8, tumor necrosis factor (TNF)-

 

a

 

, and the secreted form of the IL-1 receptor
antagonist (sIL-1RA) are involved in the inflammatory response to inhaled grain dust. Previously, we
found considerable production of these cytokines in the lower respiratory tract of workers exposed by
inhalation to aqueous extracts of corn dust extract. Alveolar macrophages (AM) have long been con-
sidered the cell type responsible for producing these cytokines, and only recently has it been realized
that airway epithelial cells may also be involved in cytokine production. In order to determine whether
airway epithelia are involved in the inflammatory response to inhaled corn dust extract and to com-
pare the magnitude of response of bronchial epithelial cells (BE) and bronchoalveolar lavage (BAL)
cells, we used the reverse transcriptase/polymerase chain reaction (RT/PCR) technique in a semiquan-
titative manner to evaluate the concentration of IL-1

 

b

 

, IL-6, IL-8, TNF-

 

a

 

, and sIL-1RA. Alveolar cells
were obtained by BAL, and BE were obtained by endobronchial brush biopsy from 15 grain handlers
6 h after experimental inhalation of saline or an aqueous corn dust extract. After inhalation of saline,
BE expressed low but detectable levels of IL-6, IL-8, and IL-1

 

b

 

 (

 

. 

 

1 complementary DNA [cDNA] mole-
cule/cell). After inhalation of corn dust extract, the expression of messenger RNA (mRNA) for IL-1

 

b

 

and IL-8 in the BE were significantly increased, whereas no change was seen in IL-6, sIL-1RA, and TNF-

 

a

 

mRNA expression. Comparing cytokine mRNA levels in BE and BAL cells from the same subjects after
inhalation of corn dust extract, BE and BAL cells expressed equivalent amounts of IL-8 mRNA; IL-1

 

b

 

was 11-fold higher in BAL cells; and TNF-

 

a

 

 and sIL-1RA were expressed exclusively by BAL cells. Immu-
nostaining for the cytokines in BAL cells showed cytokine protein expression in AMs but not in poly-
morphonuclear cells (PMNs). On the other hand, sIL-1RA was strongly expressed in both AMs and
PMNs. Analysis of cytokine protein levels in endobronchial lavage (EBL) fluid demonstrated that only
IL-8 was released in detectable amounts into the airway lumen, whereas all the other cytokines of in-
terest were exclusively found in the BAL fluid. Thus, within 6 h after inhalation exposure to corn dust
extract, BE appear to contribute to airway inflammation by producing IL-8. AMs are responsible for
most of the IL-1

 

b

 

 and IL-6 production in the alveolar region, whereas AMs and PMNs both produce sIL-
1RA. Our findings suggest that the inflammatory response to inhaled grain dust is compartmentalized,
involving specific mediators of inflammation released by macrophages, neutrophils, and airway epi-

 

thelial cells. 
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Inhalation of grain dust is associated with the development of
airflow obstruction, polymorphonuclear cell (PMN) recruit-
ment to the lung, and an increase in the concentration of
PMNs in the bloodstream (1–3). Recently, we found that sev-
eral proinflammatory cytokines were induced and recovered
in bronchoalveolar lavage (BAL) fluid 6 h after inhalation ex-
posure of corn dust extract (3). Analysis of cells obtained from
the BAL fluid revealed significant increases in messenger
RNA (mRNA) for cytokines interleukin (IL)-1

 

b

 

, IL-6, IL-8,
and tumor necrosis factor (TNF)-

 

a

 

. In addition, the BAL fluid
concentration of soluble interleukin-1 receptor antagonist (sIL-
1RA) was induced by the inhalation challenge, and the con-
centration of sIL-1RA was 

 

. 

 

100-fold that of IL-1

 

b

 

. However,
the mechanisms underlying the development of grain-dust-
induced airflow obstruction are poorly understood.
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Organic dusts are frequently contaminated by endotoxin and
the inflammatory cell and cytokine response induced by these
dusts may be in large part or solely caused by this microbial
product (4). In studies conducted with animals or with human
populations exposed experimentally or occupationally to cot-
ton dust, endotoxin has been found to be the primary cause for
changes in airway reactivity and inflammation (5, 6). Atopic
and nonatopic grain handlers, as well as workers not occupa-
tionally exposed to grain dust, appear to have a similar acute
physiologic and biologic response to inhalation of grain dust,
indicating that prior sensitization is not required to respond
biologically or physiologically to grain dust (3). Moreover, the
development of airflow obstruction after challenge with or-
ganic dust is not dependent on asthma or underlying airway
hyperreactivity (3, 5).

Although alveolar macrophages (AM) are known to be
important producers of a number of polypeptide mediators
during inflammatory events in the lung, the epithelial cells
may also be involved in recruitment and modulation of the in-
flammatory response. Previously, we found that IL-8 was ex-
pressed in isolated, uncultured, normal nasal and bronchial
epithelium (7, 8). Low amounts of IL-1

 

b

 

 and IL-6 mRNA
were also found in bronchial epithelial cells (BE), suggesting
that these cytokines could be produced upon stimulation of
the airways. Experiments with airway epithelial cell lines and
primary epithelial cell cultures have found that IL-6, IL-8, and
granulocyte macrophage colony-stimulating factor (GM-CSF)
are produced by these cells and can be regulated by TNF-

 

a

 

and IL-1

 

b

 

 (9, 10) as well as by virus infection (11) and ozone
exposure (12). Furthermore, these three cytokines (IL-6, IL-8,
and GM-CSF appear to be expressed at elevated levels in
asthmatic airway cells and are produced 

 

in vitro

 

 in excess
amounts by epithelial cells from allergic persons (13, 14). On
the other hand, compared with alveolar macrophages, airway
epithelial cells require a 1,000-fold higher concentration to en-
dotoxin to produce mRNA for IL-8 (15).

Thus, in order to determine the biologic events leading to
grain-dust-induced airflow obstruction, it is important to un-
derstand the role of structural and inflammatory cells in medi-
ating and localizing the inflammatory response to inhaled
grain dust. In the present study, bronchoalveolar lavage, endo-
bronchial brush biopsy, and endobronchial lavage were per-
formed on 15 subjects after inhalation of saline and then, ap-
proximately 14 d later, after inhalation of corn dust extract.
Cytokine mRNA content in the epithelial cells was deter-
mined and compared with the levels in cells obtained by BAL
from the same subjects. Furthermore, the concentration of cy-
tokines in endobronchial lavage fluid from the central airways
was compared with the concentration of cytokines in the BAL.
The results suggest an important role of epithelial cells in PMN
recruitment to the airways through the production of IL-8.
Importantly, AMs contribute to the inflammatory response
through the production of TNF-

 

a

 

, IL-1

 

b

 

, and sIL-1RA.

 

METHODS

 

Subjects

 

The study population consisted of 15 men, selected randomly from ap-
proximately 200 grain handlers who are participating in a population-
based longitudinal study of grain-dust-induced lung disease (3). The sub-
jects were required to be nonatopic, have normal baseline lung function,
and have a negative histamine bronchoprovocation test. They were also
required to be nonsmokers for at least 2 yr prior to this study, have no
underlying medical illness, and receiving no current medications. Each
subject was also required to have an unremarkable chest radiograph and
electrocardiogram. The institutional review board approved this study,
and all study subjects signed an informed consent form.

 

Preparation of Inhaled Solution

 

Grain dust was obtained from a collection receptacle of an air filtra-
tion system at a corn storage facility. The dust had accumulated dur-
ing the 2 wk prior to collection. The dust was placed in plastic contain-
ers that were sealed and stored at 9

 

8

 

 C. Extracts were produced by
mixing 3 g of the dust with 30 ml buffered saline (Hanks’ BSS; Media
Tech, Inc., Herndon, VA) followed by shaking for 60 min, centrifuga-
tion at 3,000 rpm, and then filter sterilization through a 0.45-

 

m

 

m filter
(Acrocap; Gelman Sciences, Ann Arbor, MI). The endotoxin concen-
tration of the extract solution was approximately 7 

 

m

 

g/ml as deter-
mined by chromogenic 

 

Limulus

 

 amoebocyte lysate assay (QCL-1000;
Whittaker Bioproducts, Walkersville, MD). The pH of the control
buffered saline was adjusted to 5.3, which was the measured pH of
the corn dust extract. The solutions were stored in 15-ml aliquots at

 

2

 

70

 

8

 

 C prior to use.

 

Protocol

 

All subjects were admitted to the Clinical Research Center at the Uni-
versity of Iowa Hospitals and Clinics the night before the inhalation
challenge, and a standard protocol was followed in all cases. A screen-
ing evaluation, which included a complete history and physical exami-
nation, pulmonary function tests (spirometry, lung volumes, and dif-
fusing capacity of carbon monoxide [D

 

LCO

 

]), a chest radiograph, and
an electrocardiogram were performed on the evening of admission. At
6:30 the next morning, a plastic intravenous catheter was placed in the
right forearm (heparin lock) and a peripheral blood sample was ob-
tained. At 7:00 

 

A

 

.

 

M

 

., baseline forced expiratory maneuvers were per-
formed using a Spirotech S-500 spirometer (Graseby Anderson, At-
lanta, GA) with standard protocols following American Thoracic
Society guidelines (16). Subjects were then exposed to nebulized buff-
ered saline (first visit) or corn dust extract (second visit, at least 14 d af-
ter the first visit) by inhalation challenge. The aerosol challenge lasted
approximately 60 min. Vital signs and forced expiratory maneuvers
were measured at 30 min, 1 h, and hourly after the inhalation challenge
was completed. Peripheral venous blood was obtained 5 h after inhala-
tion challenge, and 1 h later, bronchoscopy was performed. Blood sam-
ples were processed for leukocyte and differential cell counts by our
hospital clinical laboratories using standard protocols.

 

Inhalation Challenge

 

Subjects were exposed to nebulized buffered saline (first visit) and
corn dust extract (second visit; at least 14 d after the first visit) by in-
halation challenge. The solutions were administered via a DeVilbiss
646 nebulizer and DeVilbiss dosimeter (DeVilbiss Health Care Inc.,
Somerset, PA), operated at an air pressure of 20 psi. The subjects con-
trolled the timing of each nebulized dose by arming the dosimeter
before inhalation. The dosimeter automatically discharged for 0.6 s
when triggered by the pressure drop in the nebulizer from inhalation.
The port cap of the nebulizer was closed and the subject exhaled
through his nose. The dose delivered was measured by changes in
weight of the nebulizer. The mean extract delivered was 0.08 ml/kg.
This resulted in delivery of between 4.5 and 8.1 ml to each subject,
corresponding to between 30 and 60 mg of endotoxin, a dose that
could be inhaled by an agricultural worker in a dusty environment
over the period of an 8-h work shift (17).

 

Bronchoscopy

 

Bronchoscopy was performed in accordance with the standards estab-
lished by the American Thoracic Society for bronchoscopy of asth-
matics (18). After premedication with 50 to 100 mg meperdine and 0.6
mg atropine intramuscularly, 4% lidocaine was aerosolized to topi-
cally anesthetize the larynx. An Olympus 1T-10 fiberoptic broncho-
scope (2.0 mm channel) was introduced through the oral cavity and
the bronchoscope was gently passed into the trachea.

For BAL, an Olympus P-10 (1.5 mm channel) bronchoscope was
introduced into the right middle lobe and wedged in the medial seg-
ment, where 20 ml of sterile 37

 

8

 

 C saline were introduced. Immedi-
ately afterward, suction was gently applied (60 mm Hg), and the efflu-
ent was collected in a 50-ml specimen trap (Cheesebrough-Ponds Inc.,
Greenwich, CT). This was repeated five more times for a total volume
of 120 ml. At the second visit, the BAL was performed in a subseg-
ment of the lingula.
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The endobronchial lavage was performed by using a modified dou-
ble-balloon pulmonary artery catheter (19). The catheter was intro-
duced through the bronchoscope and passed into the left main-stem
bronchus. The balloons were inflated with 2 to 3 ml air to occlude the
proximal and distal portions of the bronchus, and the resulting seal
was tested with gentle suction. Then eight 1.5-ml aliquots of 37

 

8

 

 C sa-
line were introduced through the catheter into the resulting space.
Each aliquot was allowed to dwell for 30 s, then withdrawn. This was
repeated until 12 ml were introduced, after which the catheter was
withdrawn. Unfortunately, in seven study subjects, this procedure re-
sulted in uncontrollable cough, and, thus, paired collection of endo-
bronchial lavage fluid after both inhalation of saline and corn dust ex-
tract was accomplished in only eight study subjects.

After the endobronchial lavage (EBL), a no. 4 sheathed biopsy
brush (Microvasive Microbiology Specimen Brush; Microvasive Mi-
crobiology, Watertown, MA) was introduced through the broncho-
scope, and the right side of the trachea was brushed vigorously. The
brush was resheathed and withdrawn. At the second visit, the biopsy

 

was performed on the left side of the trachea. After removal from the
bronchoscope, the brush was unsheathed and, using sterile technique,
it was cut off into a sterile 1.5-ml centrifuge tube containing 1 ml of
RPMI 1640 medium. The solution was agitated, the brush was re-
moved, and the cells were counted in a hemacytometer. The cells
were pelleted and 10

 

6

 

 cells were dissolved in 1 ml 4 M guanidine
isothiocyanate (GITC) for preparation of RNA by a miniprep
method (20). Differential counts were performed on cytocentrifuge
preparations stained with Diff-Quik (Harleco, Gibbstown, NY).

 

Preparation of Lavage Fluid and Cells

 

The EBL and the BAL fluids were processed in a similar manner. Im-
mediately after bronchoscopy, the fluids were strained through two
layers of surgical 4

 

 3 

 

4 gauze into 50-ml conical tubes. The volumes
were noted and the tubes were centrifuged for 5 min at 200 

 

3

 

 

 

g

 

. The
supernatant fluids were frozen at 

 

2

 

70

 

8

 

 C for subsequent cytokine de-
termination. The cell pellets were resuspended and washed twice in
Ca

 

2

 

1

 

- and Mg

 

2

 

1

 

-free Hanks’ BSS. After the second wash, small ali-
quots of the samples were taken for cell count using a hemacytometer,
and cytocentrifuge preparations were done for differential counting.
One million BAL cells were resuspended in 1 ml 4 M GITC for
mRNA preparation (20). To create relatively pure cell populations
for immunohistochemistry, after inhalation of corn dust extract, BAL
fluid was separated over a 40% Percoll gradient (Sigma Chemical, St.
Louis, MO), 500 

 

3

 

 

 

g

 

, 20 min, into 

 

. 

 

95% pure AM (interphase) and
PMN (pellet).

 

Reverse Transcriptase/Polymerase
Chain Reaction

 

Complementary DNA (cDNA) was generated from purified RNA
corresponding to approximately 10

 

4

 

 epithelial cells and BAL cells.
Southern blot hybridization with an Alu gene sequence specific plas-
mid-pBLUR8 (kindly provided by Dr. R. Crystal, Cornell Medical
School, New York, NY) was performed using the methodology de-
scribed by Trapnell and colleagues (21). The buffer for reverse tran-
scription of RNA consisted of 10 mM TRIS-HCl (pH, 9.3), 50 mM
KCl, 3 mM MgCl

 

2

 

, 0.1 mg/ml bovine serum albumin (BSA), 0.5 mM

Figure 1. Percentage of baseline FEV1/FVC after inhalation chal-
lenges with buffered saline or corn dust extract (6 SEM).

Figure 2. Inflammation in the endobronchial lavage fluid after inhalation of corn dust extract. Cell differ-
entials in the endobronchial lavage fluid were evaluated on cytocentrifuge preparations and total number
of the different cell types were calculated from the total cell count recovered. There was a significant in-
crease in the PMN recovered in the airways lavage fluid (p 5 0.005) as well as a small increase in mac-
rophages (p 5 0.04) after inhalation of corn dust extract.
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spermidine (all preceding chemicals from Sigma), 10 U/

 

m

 

l of M-MLV
reverse transcriptase (RT) (BRL, Gaithersburg, MD), 0.5 mM dNTP
(Pharmacia, Pleasant Hill, CA), 1 U/

 

m

 

l RNAsin (Promega, Madison,
WI), and 5 mM random hexamers (Pharmacia). For polymerase chain
reaction (PCR) amplification, 2 

 

m

 

l of cDNA were added to 48 

 

m

 

l PCR
mix consisting of 10 mM TRIS-HCl buffer (pH, 9.3), 50 mM KCl, 3 mM
MgCl

 

2

 

, 0.1 mg/ml BSA, with 0.05 mM dNTP and 0.025 U/

 

m

 

l of Taq
polymerase (Amplitaq; Cetus Corporation, Emeryville, CA). Sense
and antisense primers for the different cytokines were present at 0.1
to 0.22 pM/

 

m

 

l. The primer pairs for IL-8 (22) were sense: TCTG-
CAGCTCTGTGTGAAGGTGCAGTT, antisense: AACCCTCTGC-
ACCCAGTTTTCCTT; for TNF-

 

a

 

 (23) were sense: CAGAGGGAA-
GAGTTCCCCAG, antisense: CCTTGGTCTGGTAGGAGACG; for
IL-1

 

b

 

 (23) were sense: AAACAGATGAAGTGCTCCTTCCAGG,
antisense: TGGAGAACACCACTTGTTGCTCCA; for IL-6 (24) were
sense: CCTTCTCCACAAGCGCCTTC, antisense: GGCAAGTCT-
CCTCATTGAATC; for sIL-1RA (25) were sense: GAATGGAA-
ATCTGCAGAGGCCTCCGC, antisense: GGCACATCTTCCCTC-
CATGGATTCC. The PCR product generated with 

 

b

 

-actin specific
primers was used to verify similar cDNA input into each reaction well
(8). The PCR products generated with each primer pair hybridized in
a Southern blot with an antisense oligonucleotide specific for an inter-
nal sequence of each cytokine cDNA. For approximation of the num-
ber of cDNA molecules on a per cell basis, standard curves were gen-

erated from known amounts of plasmid containing the cDNA of
interest. However, the difficulty in determining the precise concentra-
tion of plasmid by optical density (OD) 260/280 rendered cDNA copy
number approximate rather than absolute. Therefore, cDNA corre-
sponding to approximately 1 fg plasmid was expressed as 1 cDNA
equivalent. The plasmid standard curves at 35 cycles of amplification
were also used to set the detection limit for each chemokine cDNA. A
product not visible (

 

see detection method below

 

) at this number of cy-
cles indicated that the assay well contained 

 

, 

 

100 specific cDNA mol-
ecules/well, corresponding to 

 

, 

 

0.2 cDNA molecules generated by
RT from the mRNA in one cell.

The PCR was performed in a 96-well thermocycler (MJ Research,
Watertown, MA), 1 min at 94

 

8

 

 C, 1.5 min at 56

 

8

 

 C, and 2 min at 72

 

8

 

 C.
Ten microliters of the PCR product were run out on a 2% agarose gel
(IBI, New Haven, CT) at 26, 29, and 31/32 cycles (35 cycles if no band
was visible at 32 cycles) to ensure cycle-dependent increase in reac-
tion product, as well as a linear relationship between input cDNA and
PCR product in the standard curve. The gels were stained for 15 min
with 5 

 

m

 

g/ml ethidium bromide and the DNA was then visualized on
an ultraviolet (UV) illuminator and photographed with type 55 posi-
tive/negative film (Polaroid, Cambridge, MA). The negatives were
scanned with a computerized laser densitometer (Bioimage; Milli-
pore, Ann Arbor, MI).

 

Measurements of Cytokines in Endobronchial and 
Bronchoalveolar Lavage Fluids

 

IL-1

 

b

 

, IL-6, IL-8, and IL-1RA levels were determined by commercial
sensitive and specific enzyme-linked immunosorbent assay (ELISA)s
purchased from R&D Systems (Minneapolis, MN). TNF-

 

a

 

 was deter-
mined using the TNF sensitive L929 mouse fibroblast cytotoxicity as-
say (26).

 

Immunocytochemistry

 

For immunostaining of cytokines in AM and PMN, 3 to 4 

 

3

 

 10

 

4

 

 cells
were centrifuged onto slides, which were air-dried for 2 h and then
fixed with acetone for 10 min at room temperature. Then the slides
were immersed for 20 min in phosphate-buffered saline (PBS) with
10% normal goat serum (PBS-GS), whereafter normal rabbit serum,
rabbit antihuman IL-1

 

b

 

, or rabbit antihuman IL-8 antibody (Genzyme,

Figure 3. Cytokine levels in endobronchial lavage fluid after exposure to grain dust. IL-8, IL-1b, IL-1RA, IL-6,
and TNF-a levels were determined in EBL 6 h after exposure to saline and grain dust extract. A significant
increase in IL-8 (p 5 0.02) and IL-1RA (p 5 0.03) was found after exposure to the extract. The numbers in
parentheses represent samples falling below the detection limit.

Figure 4. Representative RT/PCR products of amplified cytokine
mRNA in seven individuals exposed to grain dust. PCR products of
IL-1b, IL-8, and IL-6 mRNA from seven paired (S) and grain dust
(GD)-exposed epithelial cell samples were electrophoresed onto
agarose gels that were stained with ethidium bromide and photo-
graphed for densitometry quantitation of band optical density.
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Cambridge, MA) at 1:500 dilution in PBS-GS was added for 2 h at
room temperature. The slides were washed three times during 30 min
with PBS, and biotinylated goat antirabbit 1 g (1:500 in PBS-GS) (Or-
ganon Technica, West Chester, PA) was added for 1 h. After rinsing
the slides three times with PBS, alkaline-phosphatase-conjugated avi-
dine, 1:300 dilution (Organon Technica), was added for 30 min, again
followed by rinsing with PBS, as above. All slides were treated with
Levamisol to inactivate any endogenous alkaline phosphatase and an-
tibody-bound enzyme activity was then visualized by Naphtol AS-TR
phosphate and Fast Red indicator dye (both from Sigma). IL-1RA
was detected in cells using a goat antibody from R&D and an antigoat
ABC kit according to manufacturer’s directions (Vector Laborato-
ries, Burlingame, CA). The enzyme reaction on all sides was termi-
nated when the control slides started to show a weak red coloring.

 

Statistics

 

The distribution of the data required that nonparametric tests be per-
formed, and the crossover design of the study allowed paired analyses.
Thus, Wilcoxon’s signed-rank test was used to make comparisons be-
tween the data generated from each inhalation challenge (27).

 

RESULTS

 

The mean age of the study subjects was 34.7 yr (range, 18 to 56
yr). The study subjects had been employed a mean of 10.1 yr
(range, 1 to 25 yr) in the grain-handling industry. Eight of the
subjects worked exclusively with corn, and seven worked at
sites that processed mixed grains. All subjects were never
smokers, and, as stipulated by our selection criteria, all sub-
jects were nonatopic and had a negative airway response to in-
haled histamine.

Inhalation challenge with buffered saline resulted in mini-
mal increases in the FEV

 

1

 

/FVC ratio (Figure 1). However,
within 30 min after the inhalation challenge with corn dust
extract, statistically significant, clinically relevant declines in
FEV

 

1

 

/FVC were observed. The obstructive physiology associ-
ated with the inhalation of corn dust extract persisted for the
subsequent 5 h until bronchoscopy was performed.

 

Characterization of Cell Types Present in Endobronchial 
Lavage Fluid of Grain-Dust-exposed Subjects

 

The recovery of endobronchial lavage fluid was highly vari-
able between subjects, with mean 

 

6

 

 SD of 4.3 

 

6

 

 2.7 ml recov-
ered from subjects inhaling saline, and 3.3 

 

6

 

 2.4 ml from sub-
jects inhaling corn dust extract. The total number of cells
recovered by the lavage was 1.3 

 

6

 

 1.5 

 

3

 

 10

 

4

 

 from the saline-
exposed subjects and 3.0 

 

6

 

 2.5 

 

3

 

 10

 

4

 

 from the grain-dust-
exposed subjects. The cell recovery was significantly higher
after inhalation of corn dust extract (p 

 

5

 

 0.04). The total
number of the different cell types recovered in EBLs is shown
in Figure 2. The number of PMNs in the EBL increased 

 

. 

 

20-
fold (p 

 

5

 

 0.005), whereas epithelial cell and lymphocyte num-
bers were unchanged. The macrophage recovery was also in-
creased after inhalation of grain dust (p 

 

5

 

 0.04). No eosinophils
(

 

, 

 

0.2%) were found in the endobronchial lavage fluid.

 

Cytokine Levels in Endobronchial Lavage Fluid after
Exposure to Endotoxin-contaminated Grain Dust

 

Cytokine levels per milliliter endobronchial lavage fluid were
measured by ELISA (Figure 3). IL-8 was present in EBL fluid

Figure 5. Cytokine mRNA levels in bronchial epithelium after exposure to grain dust. cDNA reverse-tran-
scribed from RNA corresponding to approximately 400 cells was PCR amplified and then quantified for IL-8,
IL-1b, IL-1RA, and IL-6 expression using cytokine specific plasmid standard curves amplified in parallel. A
significant increase in IL-8 (p 5 0.02) and IL-1b (p 5 0.03) was found, whereas IL-6 and sIL-1RA mRNA
levels were not affected. The numbers in parentheses represent samples falling below the detection limit.
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after inhalation of either saline or corn dust extract, but the
grain dust samples showed 3.2-fold increased concentrations
(p 

 

5

 

 0.02). IL-1

 

b

 

 was not significantly different after inhala-
tion of saline versus corn dust extract. However, high levels of
IL-1RA were detected in all fluids assayed, with a significant
3-fold increase after grain dust exposure (p 

 

5

 

 0.03). Neither
IL-6 nor TNF-

 

a

 

 were found in the endobronchial lavage fluid.

 

Cytokine mRNA Expression in Airway Epithelium
after Exposure to Grain Dust

 

Bronchial cells, obtained by endobronchial brush biopsy, were
disaggregated, and differential counts were performed on cy-
tocentrifuge preparations. The preparations from corn-dust-
exposed subjects contained a small but significantly increased
proportion of PMNs; a mean 

 

6

 

 SD of 4.4 

 

6 1.0% in the grain-
dust-exposed population as compared with 1.4 6 0.3% in the
saline-exposed population. The remaining cells were epithelial
cells, with approximately 50% of the cells having ciliated cell
morphology. The PMNs were not separated from the epithe-
lial cells before RNA preparation. RNA corresponding to 104

cells was reverse-transcribed, and relative cDNA levels for
IL-1b, sIL-1RA, TNF-a, IL-6, and IL-8 from cells obtained
after exposure to saline and corn dust were determined by
semiquantitative PCR using either cDNA from lipopolysac-
charide (LPS)-stimulated macrophages or plasmid prepara-
tions containing cytokine cDNA as dose-response curves. Rep-
resentative cytokine PCR products from seven paired samples
are shown in Figure 4. In Figure 5, the quantified cytokine
data from all the epithelial cell specimens obtained after inha-
lation of either saline or corn dust extract are shown. A small
but significant increase in IL-8 (3.0-fold, p 5 0.02) and IL-1b
(2.7-fold, p 5 0.03) was found after exposure to grain dust,
whereas IL-6 levels were unchanged. TNF-a levels were be-

low our set limit for detection (, 0.2 cDNA molecules yield/
cell by reverse transcription), although a weak product band
was detected in the gels after 35 cycles of amplification. Of the
samples analyzed for sIL-1RA expression, two of 11 of the sa-
line-exposed BEs showed a positive signal and four of 11 corn-
dust-exposed BEs had sIL-1RA mRNA levels above the de-
tection limit.

Comparison of Cytokine mRNA Levels in
Airway Epithelium and in BAL Cells after
Inhalation of Corn Dust Extract

To relate the mRNA levels in airway epithial cells from sub-
jects inhaling corn dust extract to mRNA levels in BAL cells
(from the same subjects), RNA from the same number of cells
of each cell population was reverse-transcribed and cDNA lev-
els were determined by PCR. The data comparing cytokine
mRNA levels in 14 BE and BAL cell samples are summarized
in Figure 6. BAL cells exposed to corn dust extract expressed
11-fold more IL-1b mRNA than did epithelial cells (p , 0.001)
and 2.5 times the amount of IL-6 (p 5 0.06), whereas epithelial
cells expressed slightly more IL-8 mRNA (p . 0.05). sIL-1RA
and TNF-a were present at very high levels in the BAL cells
compared with expression in BE cells (p , 0.001).

Immunocytochemical Detection of Cytokines
and sIL-1RA in Alveolar Macrophages and
Inflammatory Granulocytes

BAL cells obtained after exposure to grain dust contained ap-
proximately 70% PMNs. Because these granuloctyes have
been shown to have the ability to produce all the cytokines of
interest in this study, protein expression of these cytokines by
PMN and AM was compared by immunocytochemical stain-
ing of the cells. It can be seen in Figure 7 that AMs from grain-
dust-exposed subjects are positive for IL-1b, IL-6, and IL-8

Figure 6. Comparison of cytokine mRNA expression in bronchial epithelium and in cells obtained by bron-
choalveolar lavage after exposure to grain dust. RNA from the same number of bronchial cells and BAL
cells was reverse-transcribed and then amplified by PCR for cytokine mRNA estimation. A similar amount
of IL-8 mRNA was expressed in BE and BAL cells. IL-1b, IL-1RA were significantly higher in the BAL cells
(*p , 0.001), whereas IL-6 was marginally higher in the BAL cells (*p 5 0.06).
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proteins, whereas the inflammatory PMNs are negative for
these cytokines under the identical staining conditions. BAL
cells were stained for IL-1RA protein expression. Strong im-
munoreactivity was found in both AM and PMN (Figure 8B)
relative to the cells reacted with control antibody (Figure 8A).

Comparison of Cytokine Levels in Endobronchial
and Bronchoalveolar Lavage Fluid

To evaluate if the differences in mRNA expression between
cells from the bronchial region and the alveolar region were
reflected in cytokine protein levels in the EBL and BAL flu-
ids, the cytokine profile in EBL was compared with that of
BAL. Because the lining fluid dilution certainly is different in
the lavage fluids from the two locations, the cytokine data are
expressed as a BAL:EBL ratio. That IL-8 is concentrated in
central airways can be seen in Figure 9, consistent with the
finding that epithelial cells preferentially produce more IL-8
mRNA than alveolar cells. Because IL-6 and TNF-a were be-
low the detection limit of 3 pg/ml in the EBL, ratios for these
cytokines exceeded 100 and 10.

DISCUSSION

The results from this investigation demonstrate that the in-
flammatory response to inhaled grain dust appears to be com-
partmentalized. Although IL-8 is primarily produced by air-
way epithelial cells and inflammatory cells surrounding the
airway, other proinflammatory cytokines such as IL-1b, IL-6,
and TNF-a are primarily produced by alveolar macrophages.
These results suggest that the local production and release of
IL-8 in and around the airway serves to localize the inflamma-
tory response to the airway, which ultimately may lead to air-
flow obstruction.

Macrophages and neutrophils appear to play pivotal roles
in the initial inflammatory response to inhaled grain dust. In
vitro, grain dust is directly chemotactic for neutrophils (28),
and can induce alveolar macrophages to release IL-1 (29) and
other mediators that have potent chemotactic activity for neu-
trophils (28). Inhalation studies in humans (3, 30, 31) and in
mice (31) have shown that after a single exposure to grain
dust, neutrophils are rapidly recruited to the lung and proin-
flammatory cytokines (IL-1b, TNF-a, and IL-6) and chemo-

Figure 7. Immunochemical localization of cytokines in alveolar macrophages of grain-dust-exposed sub-
jects. Cytocentrifuge preparations of BAL cells separated into AM (panels A–D) and PMN (panels E and F )
by density gradient were treated with control antibody (panel A), antibody to IL-1b (panels B and E), anti-
body to IL-6 (panel C), and antibody to IL-8 (panels D and F ). A variable proportion of AM were positive
for the cytokines, whereas PMN were completely negative under the same staining conditions.
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kines (IL-8 and macrophage inflammatory protein [MIP]-2)
are produced and released for as long as 48 h (31). Immuno-
histochemical staining and in situ hybridization (32) indicate
that the macrophage and the neutrophil are actively involved
in the de novo synthesis of these proinflammatory agents. In
rats challenged with aerosolized LPS, the influx of neutrophils
and bronchial hyperreactivity was inhibited by prior treatment
with TNF-a specific antibodies (33), suggesting that the pro-
inflammatory cytokines are essential to the recruitment of
PMNs.

Epithelial cells may also be involved in recruitment and
modulation of the inflammatory response to inhaled grain
dust. Epithelial cells (A549 and bronchial epithelia) require a
specific host-derived signal (TNF-a or IL-1) for induction of
IL-8 (15). In a baboon model of sepsis, pretreatment with anti-
TNF-a antibody significantly reduced the circulating concen-

tration of IL-8 (34), suggesting that TNF-a and/or IL-1 are
needed to stimulate other cells to release IL-8 and promote
neutrophil chemotaxis. MIP-2 is thought to be the murine ho-
mologue of IL-8 (15), has potent chemotactic activity for neu-
trophils (35), is a member of the IL-8 supergene family (15),
and has been shown to be upregulated in rat lungs after intra-
peritoneal endotoxin challenge (36). In this study, we report
that human IL-8 is produced and released by airway epithelia
after an inhalation challenge with grain dust, suggesting that
airway epithelia are activated either directly by grain dust or
by cells or cell products that come in contact with the apical or
basolateral portion of these cells. In aggregate, these findings
suggest that inhaled grain dust initiates a complex interaction
between inflammatory (primarily macrophages and neutro-
phils) and structural (airway epithelial) cells, and this interac-
tion is mediated by specific proinflammatory cytokines and

Figure 8. Immunocytochemical localization of IL-1RA in alveolar macrophages and inflammatory granulo-
cytes 6 h after inhalation of corn dust extract. Cytocentrifuge preparations of BAL cells (65% AM, 32%
PMN) obtained from subjects after inhalation of corn dust extract were stained for IL-1RA. Both AM and
PMN were strongly positive for IL-1RA (panel B) as compared with cells reacted with control antibody
(panel A).
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chemokines that are produced and released in the airway lu-
men and possibly the interstitium of the lung.

IL-1RA appears to be released as a homeostatic mecha-
nism to limit the inflammatory response. High amounts of IL-
1RA have been previously found in normal BAL fluid, and
AMs were found to constitutively contain IL-1RA protein
(37). In this study, we have shown that whereas sIL-1RA was
found in low concentration in airway epithelial cells, it was
present at a high concentration in saline-exposed EBL and
was significantly increased after inhalation of corn dust ex-
tract. In the rat, high levels of IL-1RA mRNA were found in
both AM and PMN isolated 6 h after intratracheal administra-
tion of endotoxin (38). Because the bronchial lining fluid con-
tains macrophages and increased numbers of PMNs after
grain dust exposure, it is possible that elevated levels of IL-
1RA/ml EBL fluid originate from both the stimulated AMs
and the PMNs. Indeed, both PMNs and AMs in the BAL fluid
from grain-dust-exposed subjects contained IL-1RA protein,
although these PMNs did not show cytokine immunoreactiv-
ity. Interestingly, in vitro studies have shown that AMs have a
poor sIL-1RA response to LPS. Culture alone, in the absence
of adherence, increases sIL-1RA mRNA levels and protein
secretion, and the effect of LPS is minimal compared with the
response to IL-4 (37, 39). IL-4 is unlikely to be involved in the
acute response to grain dust or endotoxin, suggesting that
other not yet identified inflammatory mediators stimulate
gene expression in vivo. sIL-1RA has been shown to inhibit a
number of IL-1a- and IL-1b-dependent functions such as thy-
mocyte proliferation, synthesis of prostaglandin E2, and colla-
genase production by fibroblasts through competition for IL-1
receptor binding on the target cells (40). The ratio of IL-1RA
to IL-1b in the EBL was more than 100:1 in most saline and
corn-dust-exposed fluids, suggesting that the proinflammatory
effects of IL-1b after inhaling corn dust may be controlled by
the secretion of sIL-1RA.

In conclusion, the acute inflammatory response 6 h post-
exposure to corn dust extract clearly involves the airway epi-
thelium in the production of IL-8 and possibly IL-1b. Because

elevated IL-6 and TNF-a mRNA levels were found only in the
BAL cells and proteins were detected only in the BAL fluid, it
is likely that the bronchoalveolar region is the primary site for
production of these cytokines. Among the BAL cells, AMs
and not PMNs appeared to be the major producers of IL-1b,
IL-6, and IL-8 as determined by immunohistochemistry, whereas
IL-1RA was produced by both AMs and PMNs. These results
clearly indicate that the inflammatory response to inhaled
grain dust is compartmentalized, involving macrophages, neu-
trophils, and airway epithelial cells.
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